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The very neutron-deficient strongly-deformed 119Cs nucleus has been studied using the
58Ni(64Zn,3p) reaction and the JUROGAM 3 gamma-ray detector array coupled to the MARA
recoil-mass separator setup. The excitation energies of all observed bands have been determined,
spins and parities have been firmly assigned to most of the observed states. The previously known
and the newly identified rotational bands have been extended to very high spin and excitation en-
ergy. The configurations of the observed bands are discussed using the particle number conserving
cranked shell model. The present study establishes the largest set of rotational bands observed in
the proton-rich A ≈ 120 mass region.
PACS numbers: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.60.+j
I. INTRODUCTION
The recent spectroscopic studies of cesium nuclei have
been focused on chirality, which was observed in a long
sequence of odd-odd nuclei from 122Cs to 132Cs [1]. The
odd-even Cs nuclei have been the object of investigations
devoted to the evolution of the collective properties far
from stability [2–12]. However, the study of the lightest
Cs nuclei is confronted with the increasing difficulty to
populate high-spin states using fusion-evaporation reac-
tions, due to the limited choice of projectile-target com-
binations and the small cross-sections for neutron evap-
oration close to the proton drip-line. The existing exper-
imental information on high-spin states in very proton-
rich nuclei is therefore increasingly scarce towards the
proton-drip line. The lightest cesium nucleus with a rich
band structure is 120Cs [8]. In the other proton-rich Cs
nuclei only one to three rotational bands are known, of-
ten without interconnecting transitions and unknown ex-
citation energies. This prohibits a detailed comparison
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between theoretical calculations employing different in-
teractions and experimental data, from which a fine tun-
ing of the interactions used to describe very exotic nuclei
can be done. Fortunately, the magnetic moments and
spectroscopic quadrupole moments have been measured
for long-lived isomers close to the ground states of an
extended range of Cs nuclei, from 118Cs to 145Cs [13],
which allowed to firmly assign spins and parities, and to
experimentally determine their deformation. However,
the interpretation of the observed band structures was
often based on calculated deformations, which are signif-
icantly smaller than the measured ones. This induced
in some cases difficulties to consistently assign configu-
rations and to reproduce the crossing frequencies of the
observed backbendings.
Very recently, new experimental results have been re-
ported from the same high-statistics experiment from
which the present results were obtained. The known
bands have been extended at very high spin, and several
new rotational bands have been identified: two positive-
parity bands which decay to the known π[404]9/2+
strongly-coupled band [14], and two positive-parity and
one negative-parity bands built on prolate and oblate
shapes, respectively [15]. These results revealed two ex-
otic features of the band structure of 119Cs: i) the ex-
istence of a new type of chiral bands which involve only
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protons, one in the strongly-coupled π[404]9/2+ orbital
and two in πh11/2 orbitals (Bands 8, 9, 10) [14]; ii) the
existence of coexisting oblate and prolate shapes close
to the ground state, which give rise to rotational bands
with completely different behavior, one decoupled built
on the π[541]3/2− orbital (Band 1) and one strongly cou-
pled built on the π[505]11/2− orbital (Band 3) [15]. This
two results represent discoveries of new phenomena, that
is chirality with only protons in the back-bending regime
and a new region of oblate-prolate shape coexistence in
strongly-deformed nuclei at the proton-drip line.
The present work reports new results in 119Cs, one of
the less known Cs nuclei before the present experiment
(only two floating bands were known [7]). A new ground
state with spin-parity 3/2+ is established, seven cascades
of E2 transitions grouped in five bands (Bands γ, 2, 4’, 5’
and 7), one band composed of M1/E2 and crossover E2
transitions (Band 6), and three other states which decay
to Bands 1, 2 and 5. The relative energies of all bands
are fixed by many interconnecting transitions. The spins
and parities of most observed bands are determined based
on measured angular correlation ratios and polarization
asymmetries. The new Bands 2, 4’ and 7 are observed up
to very high spins of 83/2, 85/2 and 81/2, respectively.
The configurations of the observed bands are assigned
based on particle number conserving cranked shell model
(PNC-CSM) calculations [16, 17], leading to a coherent
description of the observed rotational bands, and demon-
strating the adequacy of the PNC-CSM model for the
description of rotational bands in well deformed nuclei
with nearly axial shapes.
II. EXPERIMENTAL DETAILS AND RESULTS
A. Experimental details
The 119Cs nucleus has been investigated using the
58Ni(64Zn,3p) fusion-evaporation reaction with a beam
energy of 255 MeV, and the JUROGAM 3 [18] plus
MARA [19] setup at the Accelerator Laboratory of the
University of Jyväskylä, Finland. A self-supporting en-
riched 58Ni foil of 0.75 mg/cm2 thickness was bombarded
with a 64Zn beam delivered by the K130 cyclotron. The
fusion-evaporation residues were separated as a function
of A/q and identified using the in-flight double-focusing
recoil mass separator MARA [20]. At the focal plane
a double-mass slit system was used to allow only two
charge states of a given mass to be transported into
the implantation detector. MARA is a mass separator
but it cannot resolve isobars or overlapping evaporation
channels involving α-particle evaporation due to the A/q
ambiguity. A position-sensitive Multi-Wire-Proportional
Counter (MWPC) is used at the focal plane to obtain
A/q spectra. It comprises three wire planes: x-plane,
cathode, and y-plane. The wire planes are realized with
20 µm thick gold-plated tungsten wires with 1 mm spac-
ing. The final position is obtained using 2 ns delay lines
between wires and by measuring the delays in the sig-
nals between the two ends of the wire planes. The im-
plantation detector, placed 40 cm behind the MWPC,
is a 300 µm thick Double-Sided-Silicon-strip Detector
(DSSD) with a 0.67 mm strip width. The detector is
128 mm wide and 48 mm high, comprising 192 strips
(x-plane) and 72 strips (y-plane) leading to a total of
13824 pixels. Behind the DSSD a second layer of sili-
con detectors (500 µm thick) is used for punch through
events. The Time-of Flight (ToF) between the MWPC
and DSSD is recorded. The ToF and the recoil energy
deposited in the DSSD were used to distinguish between
fusion recoils and scattered beam. Five clover germanium
detectors surrounding the MARA focal-plane detection
system were used to detect γ-rays emitted by long-lived
isomers and daughters of the β-decay of the implanted
recoils. All detector signals were recorded by the trigger-
less Total Data Readout (TDR) data acquisition system,
and time stamped by a global 100 MHz clock which al-
lowed to establish both temporal and spatial correlations
between recoils and events obtained with the rest of the
focal plane and JUROGAM 3 arrays [19, 21].
Prompt γ-rays were detected at the target position us-
ing the JUROGAM 3 germanium detector array consist-
ing of 24 Euroball clover [22] and 15 Eurogam Phase I-
type [23] escape-suppressed detectors, with an efficiency
of ≈ 6% at 1.3 MeV. The clover detectors were arranged
symmetrically relative to the direction perpendicular to
the beam (twelve at 75.5◦ and twelve at 104.5◦), while
the Phase I detectors were placed at backward angles
with respect to the beam direction (five at 157.6◦ and
ten at 133.6◦).
The data were sorted using the GRAIN code [24].
In a first step the newly identified bands were assigned
to 119Cs using recoil-gated prompt coincidences and the
presence of X-rays in the spectra. Following this identi-
fication, the analysis of the higher statistics prompt γγγ
coincidences without recoil gating enabled to construct a
comprehensive level scheme, with a rich tapestry of band
structures interconnected by a multitude of transitions.
Fully symmetrized, three-dimensional (Eγ-Eγ-Eγ) matri-
ces were analyzed using the radware [25, 26] package.
A total of 4× 1010 prompt γ-ray coincidence events with
fold ≥ 3 were collected.
The multipolarities of the γ-rays were extracted us-
ing the Directional Correlation from Oriented states
(DCO) ratios (RDCO ) and two-point Angular Correla-
tion (anisotropy) ratios Rac [27, 28]. The Rac values were
extracted from γ-γ matrices, which were formed by sort-
ing prompt coincidence events with (133.6◦ and 157.6◦)
versus (all angles) and (75.5◦ and 104.5◦) versus (all an-
gles) combinations, by setting the same energy gates on
the (all angles) projection spectrum in both matrices, and
projecting on the other axis. Then, the Rac ratios were
calculated using the extracted intensities of the γ-rays of
interest (Iγ) from these spectra, normalized by the differ-
ent efficiencies of the two sets of detectors, using the for-




typical values for stretched dipole and quadrupole tran-
sitions are around 0.8 and 1.4, respectively. The RDCO
values were also extracted from a γ-γ matrix, constructed
by sorting prompt coincidence events with the detectors
at (157.6◦) versus those at (75.5◦ and 104.5◦). The DCO
ratio is defined as RDCO = Iγ(157.6
◦, ≈ 90◦)/Iγ(≈ 90◦,
157.6◦), where Iγ(157.6
◦, ≈ 90◦) is the intensity of a
transition measured by the detectors at 157.6◦ by gating
on the detectors at ≈ 90◦, and Iγ( ≈ 90◦, 157.6◦) is the
intensity of a transition measured by the detectors at ≈
90◦ by gating on the detectors at 157.6◦. The obtained
DCO ratio depends on the multipolarity of the gating
transition. The typical RDCO values obtained by gating
on a stretched quadrupole transition are ≈1 for stretched
quadrupole and ≈0.46 for dipole transitions, while those
obtained by gating on a stretched dipole transition are
≈ 1 for a dipole and ≈ 2.1 for a quadrupole transition.
In order to firmly establish the parity of the newly
identified bands, linear polarization measurements were
performed for a few clean, strong, linking γ-ray tran-
sitions as described in Refs. [29]. Two matrices were
constructed with events in which γ-rays were scattered
between the crystals of a clover detector in parallel (per-
pendicular) directions relative to the beam direction on
one axis, and γ-rays detected by all detectors on the other





where N⊥ and N‖ are the number of coincidence counts
for a γ-ray of interest obtained by setting the same gates
in the two asymmetric matrices on the all-detector axis.
The a(Eγ) denotes the normalization factor due to the
asymmetry in the response of the perpendicular and par-
allel clover segments.
B. Results
The experimental information on the γ-ray transitions
of 119Cs, including the results that we published previ-
ously in Refs. [14, 15] and the new ones reported here, is
given in the Appendix.
The complete level scheme of 119Cs is shown in three
separate figures, one with the negative-parity states (Fig.
1), and two with the positive-parity states (Figs. 2 and
3). A zoom on the low-spin part of the level scheme is
also given in Fig. 4. The band labels are in agreement
with those employed in Refs. [14, 15] in which partial
level schemes have been published: Bands 1, 3, 4 and
5 in Ref. [15] which reported the evidence of oblate-
prolate coexistence close to the ground state, and Bands
8, 9 and 10 in Ref. [14] which reported chiral doublet
bands. Double-gated spectra showing the transitions of
the six newly identified Bands γ, 2, 4’, 5’, 6 and 7 re-
ported in the present work are given in Figs. 5, 6 and 7.
In panel (a) of Fig. 5 one can see a clean spectrum of
Band γ constructed by doubly-gating on selected transi-
tions, showing strong transitions between the even-spin
states and weaker ones between the odd-spin non-yrast
states above the 37/2− state. In panels (b) and (c) of
Fig. 5 are shown spectra of the two signature partners
of Band 2, with the transitions of the α = −1/2 cas-
cade much stronger than those of the α = +1/2 cascade.
The highest transitions of 1857 and 1406 keV observed
in the two cascades of Band 2 are clearly seen in the two
spectra. In Fig. 6 are shown spectra of Bands 4’ and
5’, which are observed in different spins ranges: Band 4’
is built on the 61/2+ state, decays only to Band 4 via
the 1181-keV transition and is observed up to the 85/2+
state depopulated by the 1768-keV transition which is
clearly seen in panel (a); Band 5’ is much weaker, de-
cays only to Band 5 and is observed up to the the 45/2+
state depopulated by the 982-keV transition clearly seen
in panel (b). Fig. 7 shows clean double-gated spectra
of Bands 6 and 7: in panel (a) one can clearly see the
in-band transitions, as well as the populating 603-keV
and 292-keV transitions from Band 7, and the depopu-
lating 738-, 1508- and 1550-keV transitions; in panel (b)
one can see a very clean spectrum of Band 7 up to the
highest observed 1805-keV transition.
As all bands reported in the present work are inter-
connected by γ-ray transitions, we could establish the
relative energy of not only the bands with short-lived
band-heads, but also of the two long-lived β+-decaying
3/2+ and 9/2+ isomers. The 85.7 keV energy of the
9/2+ isomer is established by the connecting transitions
between Bands 8 and 6, which in turn decays to Band 4
through the 738.1-keV transition. The 110.2 keV energy
of the 11/2− band-head of Band 1 is established by sev-
eral connecting transitions to Bands 4 and 6. As Band 1
is depopulated by the observed delayed 87.1-keV transi-
tion, an unobserved 23.1-keV transition in cascade with
the 87.1-keV transition should exist, which defines a state
with tentative spin-parity Iπ = (7/2+) and energy that
can be either 23.1 keV or 87.1 keV. One can exclude the
23.1-keV energy of this (7/2+) state based on the long
half-life of the 9/2+ 85.7-keV isomer which would then
have the possibility to decay internally through γ emis-
sion and therefore a much shorter half-life. We therefore
propose a (7/2+) state at 87.1(2) keV, which is higher
by ≈ 1 keV than the 85.7-keV energy of the β-decaying
9/2+ band-head of Band 8. One should note that the
energy of the 9/2+ band-head is established with a error
of ≈ 2 keV, which results from the cumulative errors of
the energies of about 20 transitions on the path from the
ground state up to the 33/2+ band-head of Band 7 and
down to the 9/2+ band-head of Band 8. However, we
are confident on the estimated energy of 86 keV for the
9/2+ band-head of Band 8, because it becomes the low-
est excited state which cannot decay internally through
γ emission to the 3/2+ ground state.
One of the most important results of the present work
is the determination of the ground state of 119Cs, which
we assign as the long-lived T1/2 = 30.4(1) s, β
+-decaying
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3/2+ state [12]. This is the state with the lowest energy in
the level scheme, which we assign as the ground state (see
Fig. 4). The previously assigned 9/2+ ground state [12]
becomes an excited state with an energy of 85.7 keV. The
spins and parities of the low-lying 3/2+ and 1/2+ states
at 103 and 112 keV, respectively, are assigned based on
the intensity balance of the states, as well as on the sys-
tematics of the low-lying states in heavier odd-even Cs
nuclei [11]. The 1/2+ state at 112-keV can in fact corre-
spond to the 1/2+ ground states of the heavier odd-even
123,125,127Cs nuclei, which becomes excited in the lighter
119,121Cs nuclei with 3/2+ ground states.
Band 1, previously known up to spin 35/2− [7], was
extended up to spin (67/2−) in Ref. [15]. A half-life of
T1/2 = 55(5) µs was also deduced in Ref. [15] for the 110-
keV 11/2− band-head from the fit of the delayed 87-keV
transition detected at the MARA focal plane in coinci-
dence with transitions of Band 1 measured at the tar-
get position with JUROGAM 3. The 11/2− band-head
decays through the cascade of delayed (23) keV (unob-
served) and 87 keV transitions to the 3/2+ ground state,
and via the delayed (25)-keV transition (unobserved) to
the 9/2+ long-lived isomer. A time window of 500 µs,
much longer than the measured half-life of the isomer,
was used in the coincidence analysis. The isomeric char-
acter of the 11/2− state can be induced by the low-energy
(23)- and (25)-keV unobserved transitions. In fact, the
assigned (7/2+) spin and parity to the 87-keV state, leads
to an M2 character for the (23)-keV transition and an E1
character of the (25)-keV transition. The Weisskopf esti-
mates of these highly converted M2 and E1 transitions
lead to a lifetime of the order of several tens of microsec-
onds, which is in agreement with the measured half-life.
The Weisskopf estimate for the 87-keV E2 transition is
about 1 µs, which is much shorter than the measure half-
life of 55 µs. The band decaying to the 15/2− state of
Band 1 was very weakly populated. Therefore the spins
and parities of the states could not be established. Based
on the calculations described in Ref. [15], we assigned it
as the unfavored signature partner of Band 1.
Band γ is newly observed. It feeds states up to spin
23/2− of Band 1, the 19/2− state of Band 2, and is ob-
served up to spin 55/2. A cascade of three transitions
of 1005, 1100 and 1191 keV form a band which decays
via the M1/E2 964-keV transition to the 35/2− state of
Band γ.
Band 2 is composed of two long cascades of E2 transi-
tions built on the 15/2− and 17/2− states, at excitation
energy of 1258 and 1264 keV, respectively. The two cas-
cades evolve to very high spins of 83/2 and 65/2, and
exhibit a large signature splitting, indicating the occu-
pation a low-Ω h11/2 orbital. The cascade built on the
15/2− state decays via many M1/E2 and E2 transitions
to levels of Band 1, Band γ and the intermediate (15/2−)
state which in turn decays to Band 1 via the 499-keV
transition. The cascade built on the 17/2− state decays
to the yrast cascade of Band 2 built on the 15/2− state,
as well as to Band 1 and Band γ. The negative parity
of the band is firmly established by five E2 out-of-band
transitions towards Band 1. A 67/2− state with an en-
ergy smaller by 18 keV from the state with the same spin
of Band 2, which is fed from the 71/2− state and decays
to the 63/2− state of Band 2, has been also identified.
Band 3 has been discussed in Ref. [15]. It is based
on the 670-keV 11/2− state which decays through a cas-
cade of transitions towards the 3/2+ ground state. No
transitions towards other low-lying states were observed.
The intensity of the 268-, 237-, and 139-keV transitions
depopulating the 11/2− band-head is a factor of 16 lower
than the intensity of the populating transitions, indicat-
ing an isomeric character of the 11/2− band-head, with
a lifetime in the range of tens of nanoseconds. The
assigned negative parity of Band 3 is not firmly estab-
lished, because the 294-keV transition is very weak and
the (26)-keV transition to the 643-keV 9/2+ state is not
observed. It is instead supported by the strongly-coupled
character of the band which implies the occupation of
the high-Ω πh11/2[505]11/2
− orbital close to the Fermi
surface for oblate deformation [15]. The decay of Band
3 only towards the three 5/2+, 7/2+ and 9/2+ states
below the band-head, and the lack of connecting transi-
tions between these states and the other positive-parity
states, strongly suggests that these states are also based
on oblate shapes.
Bands 4 has been discussed in Ref. [15]. The statistics
did not allow to extract the character of the connecting
transitions to Band 1. The assigned positive parity is
based on the properties of the band, which, being com-
posed of only one cascade of E2 transitions, indicates the
occupation of the α = 1/2 signature partner of the low-Ω
π[420]1/2+ orbital.
Band 4’ composed of six E2 transitions has been ob-
served in coincidence with Band 4. It decays through the
1181-keV transition to the 57/2+ state of Band 4. The
assigned spins and positive parity to the band are based
on the Rac ratios of the observed transitions which are
compatible with E2 character.
Band 5’ composed of seven E2 transitions has been
observed in coincidence with the transitions of Band 5
below spin 17/2+. The assigned spins and positive parity
to the band are based on the Rac ratios of the observed
transitions which are compatible with E2 character.
Band 6 is composed of dipole and one crossover
quadrupole transitions, and is observed between spin
21/2+ and 33/2+. It decays to the 19/2− state of Band
1, to the 17/2+ and 21/2+ states of Band 4, to the
27/2+ and 29/2+ states of Band 8, and is fed by the
292- and 603-keV M1/E2 transitions from the positive-
parity Band 7. The positive parity of Band 6 is firmly
established by the 738-keV and 887-keV E2 transitions
towards the 21/2+ and 17/2+ states of Band 4, respec-
tively.
Band 7 is a long cascade of twelve E2 transitions,
which decays to Bands 6 and 8. The E2 character of
the 704-keV transition towards the 29/2+ state of Band
8 fixes the positive-parity of the band.
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Bands 8, 9 and 10 have been discussed in Ref. [14] .
The lowest lying state of Band 8 is at an excitation energy
of 85.7 keV, determined by the connecting transitions to
Bands 6 and 7, which in turn are firmly connected with
the 3/2+ ground state. Bands 9 and 10 decay to Band 8
through several transitions, among which there are two
E2 transitions from Band 9 and four E2 transitions from
Band 10 which fix their positive parity.
III. DISCUSSION
Selected experimental results on 119Cs have been al-
ready discussed in our recently published articles, Refs.
[14, 15]. In the present work we briefly describe the inter-
pretation of the previously published bands, and discuss
in more detail the new reported bands.
Bands 1, 3, 4 and 5 have been discussed in Ref. [15],
while Bands 8, 9 and 10 have been discussed in Ref. [14].
Bands 8 and 9 are nearly degenerate and have similar mo-
ments of inertia (MOI), while Band 10 has a MOI very
similar to that of Band 1. Calculations using 3D TAC-
CDFT and PNC-CSM have been employed to determine
the deformation and to investigate the band configura-
tions, respectively. Bands 8 and 9 have been interpreted
as chiral partner bands built on a three-quasiparticle con-
figuration involving three protons, two in the πh11/2 sub-
shell and one in the strongly-coupled πg9/2[404]9/2
+ or-
bital. The calculations showed that the angular momenta
of the two h11/2 protons reorient from the short to the
intermediate axis, in a plane orthogonal to the angu-
lar momentum of the strongly-coupled g9/2 proton which
keeps aligned along the long axis. The total spin of the
three protons and of the core points in 3D, inducing the
breaking of the chiral symmetry and giving rise to nearly
degenerate doublet bands. This was the first observa-
tion of chiral bands built on a configuration with only
protons in the transient backbending regime. We called
this new type of chiral bands Revolving Chiral Doublet
(RχD) bands. Band 10, which has a MOI similar to that
of Band 1 built on the π[541]3/2− orbital, was observed
only above the alignment of a pair of neutrons and was as-
signed to the π[541]3/2(α = +1/2) ⊗ ν2[413]5/2[523]5/2
configuration.
In the present work we investigate the possible con-
figurations of the other observed bands using PNC-CSM
calculations similar to those reported in Refs. [14, 15].
The phenomenological Nilsson potential is adopted for
the mean field [16], with parameters κ and µ taken from
Ref. [30], and effective monopole pairing strengths of 0.8
MeV for protons and 0.6 MeV for neutrons. This model
was recently used to successfully describe the band struc-
ture in rare-earth nuclei [17]. We do not discuss the γ
band which cannot be described by the PNC-CSM cal-
culations. Single-particle Routhian diagrams as a func-
tion of rotational frequency for prolate and oblate de-
formations which were used to guide the search of the
closest quasiparticle orbitals to the proton and neutron
Fermi surfaces are shown in Fig. 9. Since no block-
ing technique is used in the PNC method, the occu-
pation probabilities of each orbital, which are obtained
from the many-body wave-function, change with rota-
tional frequency. The wave functions are mixed in the
high-spin region, which can be seen from the occupa-
tion probabilities of each orbital close to the Fermi sur-
face. As an example, in Fig. 8 shows the neutron
occupation probabilities of the orbitals involved in the
π3[420]1/2[550]1/2[541]3/2⊗ν2[411]3/2[413]5/2 configu-
ration of Band 7 (see Fig. 15) which obviously change.
The situation is more complicated for the proton occu-
pation probabilities of Band 7.
An important issue in the interpretation of the ob-
served bands is the adopted deformation. The calcu-
lations have been performed assuming axial symmet-
ric shapes, which for nuclei with limited triaxiality of
γ ≈ 10◦ like 119Cs [14], is a good approximation. The
spectroscopic quadrupole moment has been measured for
the band-head of Band 8 built on the π[404]9/2+ orbital
and lead to ε2 = 0.32 (β = 0.34) [13]. However, the cal-
culated ground-state deformation, like for example using
the finite-range droplet model (FRDM) [31], is signifi-
cantly smaller (ε2 = 0.25, ε4 = −0.02, γ = 15◦), corre-
sponding to an axial deformation of ε2 = 0.23. We per-
formed calculations for the two deformations and found
that the results for the smaller deformation ε2 = 0.23
are in clear disagreement with the experimental data
(see Fig. 10). We therefore adopted the ε2 = 0.32 de-
formation for all prolate bands, excepting the negative-
signature partner of Band 2 for which a slightly smaller
deformation of ε2 = 0.30 leads to a better agreement
with the observed crossing at h̄ω ≈ 0.3 MeV (see Fig.
11). For the oblate Band 3 we adopted a deformation of
ε2 = −0.17 resulting from 2D TAC-CDFT calculations
[15]. The assigned configurations and adopted deforma-
tions of all bands are listed in Table I.
The choice of the larger deformation is reason-
able in nuclei like 119Cs which has the Fermi surface
close to high-j low-Ω orbitals like πh11/2[550]1/2
− and
πh11/2[541]3/2
−, which have very strong deformation
driving effects and can induce larger deformations. In
fact, in the case of Band 1, a backbending due to the
alignment of a pair of h11/2 neutrons is calculated at
h̄ω ≈ 0.3 MeV if one uses a deformation of ε2 = 0.23,
which is not observed experimentally (see Fig. 10). A
good agreement with experiment is only obtained if one
uses a larger deformation of ε2 = 0.32, for which the pro-
ton alignment becomes very smooth (similar to the effect
observed for the π[541]1/2− orbital in rare-earth nuclei
[17]). As one can see in Fig. 9a, for deformation ε2 = 0.32
and rotational frequency h̄ω ≈ 0.3 MeV, the π[541]3/2−
orbital is closer to the Z = 55 Fermi surface than the
π[550]1/2− orbital. Therefore, based on the PNC-CSM
calculations, the π[541]3/2− orbital should be assigned
to the yrast negative-parity Band 1, even if it is strongly
mixed with the π[550]1/2− one.
































































































































































































































































FIG. 1. (Color online) Partial level scheme of 119Cs showing the negative-parity bands. The new transitions are indicated
in red, while the transitions reported in Ref. [15] are indicated in black. The isomeric levels are indicated with thick lines.











































































































































































































































































FIG. 2. (Color online) Partial level scheme of 119Cs showing the first part of the positive-parity states, and the negative-parity
Band 1 to which Band 4 decays via several transitions. The new transitions are indicated in red, while the transitions reported
in Ref. [15] are indicated in black. The isomeric levels are indicated with thick lines. Energies of levels with some relevance






















































































































FIG. 3. (Color online) Partial level scheme of 119Cs showing the positive-parity states of Bands 8, 9 and 10 previously























FIG. 4. (Color online) Zoom on the low-spin part of the
level scheme.
parity orbital, π[505]11/2−, and three positive-parity or-
bitals, π[404]7/2+, π[413]5/2+, and π[402]5/2+, which
are close to the Z = 55 Fermi surface (see Fig. 9c). The
negative-parity orbital was assigned to Band 3, while the
positive-parity ones can account for the observed low-
lying states to which the oblate Band 3 decays [15].
In the present work we assign configurations to the
Bands 2, 4’, 5’, 6, and 7 which were not discussed pre-
viously. Band γ cannot be described by the present
PNC-CSM calculations which assumes a rigid axial de-
formation. It is assigned as γ band based on the com-
parison with other bands with similar behavior observed
in neighboring nuclei. As one can see in Fig. 11,
the configuration assigned to Band 2 is similar to that
of Band 1, π[541]3/2−, which is crossed at h̄ω ≈ 0.3
MeV for the negative-signature partner and at h̄ω ≈
0.4 MeV for the positive-signature partner by a three-
quasiparticle configuration involving two additional neu-
trons placed in positive-parity orbitals, leading to a
π[541]3/2 −⊗ν[411]3/2+[413]5/2+ configuration at high
spin. For the α = 1/2 signature partner, the calculated
second alignment at h̄ω ≈ 0.7 MeV induced by neutrons
has not been observed experimentally (see Fig. 11b).
Band 4’ which feeds the top of Band 4, exhibits a
higher MOI and Jx than Band 4, indicating the pres-
ence of additional nucleons in its configuration. The best
agreement is obtained for the π[420]1/2+(α = 1/2) ⊗
π2([550]1/2−[541]3/2−)⊗ν2([541]1/2−[532]5/2−) config-
uration (see Fig. 12).
Band 5’ decays to the 13/2+ and 17/2+ states of
Band 5. It should have a three-quasiparticle configu-
ration, most probably with one proton placed on the
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same positive-parity orbital π[422]3/2+ as in the case of
Band 5. The first alignment is observed at a frequency
of h̄ω ≈ 0.30 MeV which is higher than h̄ω ≈ 0.26 MeV
observed in Bands 4 and 5. It should therefore be in-
duced by neutrons which, for a deformation of ε2 ≈ 0.32,
align later than h11/2 protons. We therefore assign the
π[422]3/2+ ⊗ νh211/2([532]5/2
−[523]7/2−) configuration
to Band 5’, which is in excellent agreement with the ex-
perimental results.
Band 6, composed of dipole and cross-over E2 transi-
tions, is populated by transitions from Band 7 and mainly
decays to Band 1. One would expect to have involved
the π[541]3/2− orbital on which Band 1 is built, and also
orbitals present in the five-quasiparticle configuration of
Band 7 (see discussion below), in particular the positive-
parity neutron orbital ν[413]5/2+. A configuration in-
volving such low- and high-Ω orbitals can lead to rota-
tion around a tilted axis and give rise to a dipole band
like Band 6. However, one cannot expect a very good
agreement of the PNC-SCM calculations performed in
the present work and the experimental data, because of
the adopted axial symmetric shapes and principal axis ro-
tation in PNC-CSM. We performed anyhow calculations
for the π[541]3/2−⊗ ν2[413]5/2+[532]5/2− configuration
and compared it with the experimental Band 6 in Fig. 14.
One can see that there is a qualitative agreement for the
configuration involving the π[541]3/2− (α = −1/2) or-
bital. One can therefore speculate that Band 6 is based
on a configuration with one proton in the π[541]3/2−
(α = −1/2) orbital, and two neutrons in orbitals with
positive- and negative-parity. Tilted axis cranking cal-
culations are more adequate for the description of dipole
bands and can validate this configuration assignment.
Band 7 is a very long sequence of electric quadrupole
transitions, which develops in the spin range from 33/2
to 81/2, and decays to positive-parity states of Bands 6
and 8. We assigned it the five-quasiparticle configuration
π3[550]1/2−[541]3/2−[420]1/2+ ⊗ ν2[413]5/2+[413]5/2+,
which is in good agreement with the experimental data
(see Fig. 15). The decay to Band 6 is explained by the
presence of πh11/2 orbitals in the two bands, whereas
the decay to Band 8 can be understood by the acci-
dental mixing between the 33/2+ states of the two bands.
IV. SUMMARY
Summarizing, the present work reports new results in
119Cs, in particular Band γ, Band 2, Band 4’ and Band
5’, which together with those reported recently, all re-
sulting from the same high statistics experiment, con-
tribute to the realization of one of the most complete
level schemes from low to high spin in proton-rich lan-
thanide nuclei. The band configurations are discussed
within the PNC-CMS formalism, which nicely describe
the band patterns, as well as the the contribution of
protons and neutrons to the observed alignments. The
present results constitute an unique set of spectroscopic
information which can be used to test state-of-the-art
theoretical models aiming to describe strongly-deformed
proton-rich lanthanide nuclei.
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(b) Band 2 (α=-1/2)
(c) Band 2 (α=+1/2)
FIG. 5. (Color online) Spectra for Band γ, and the two signature partners of Band 2 of 119Cs obtained from triple coincidences
by double-gating on selected transitions using the gate list given below. Peak energies for the newly identified transitions are
written in red. Transitions from other nuclei (116Xe, 118Xe, 120Ba) are indicated with an asterisk, while those from other bands
in 119Cs are indicated with a red circle. The lists of gating transitions for each spectrum are the following: for Band γ 610,
686, 766, 844, 958, 980, 1018, 1163; for Band 2 (α=-1/2) 287, 380, 491, 577, 631, 728, 829, 1026, 1125, 1224, 1311, 1376, 1456,
1544, 1675 keV; for Band 2 (α=+1/2) 287, 554, 679, 787, 868, 882, 948, 985, 1009, 1042, 1080, 1164, 1245 keV.
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(a) Bands 4 and 4’









































































































































































































FIG. 6. (Color online) Spectra for Bands 4, 4’, 5, 5’ of 119Cs obtained from triple coincidences by double-gating on selected
transitions. Peak energies for the newly identified transitions are written in red. Transitions from other nuclei (116Xe, 119Ba,
120Ba) are indicated with an asterisk, while those from other bands in 119Cs are indicated with a circle. The lists of gating
transitions for each spectrum are the following: for Bands 4 and 4’ 475, 541, 562, 636, 896, 979, 1065, 1146, 1153, 1369, 1487
keV; for Bands 5 and 5’ 209, 414, 549, 594, 540, 684, 775, 864, 950 keV.
TABLE I. Assigned Nilsson configurations, parity π, and deformations ε2 to the bands of
119Cs based on PNC-CSM calculations.
The configurations include the orbitals occupied at the band-head, as well as those occupied after alignments and crossings at
higher spin.
Band Configuration 1st crossing (h̄ω) 2nd crossing (h̄ω) π ε2
1 π[541]3/2− ν2h11/2 (0.45) ν
2(g7/2, d5/2) (0.70) − 0.32
2 π[541]3/2−(α = 1/2) ν2(g7/2, d5/2) (0.36) − 0.30
2 π[541]3/2−(α = −1/2) ν2(g7/2, d5/2) (0.30) ν2(g7/2, d5/2) (0.70) − 0.32
3 π[505]11/2− ν2h11/2 (0.38) − -0.17
4 π[420]1/2+(α = 1/2) π2h11/2 (0.26) ν
2h11/2 (0.40) + 0.32
4’ π[420]1/2+(α = 1/2)⊗ π2(h11/2)⊗ ν2(h11/2) + 0.32
5 π[422]3/2+(α = 1/2) π2h11/2 (0.26) ν
2h11/2 (0.50) + 0.32
5’ π[422]3/2+(α = 1/2)⊗ ν2h11/2 + 0.32
6 π[541]3/2− ⊗ ν2(h11/2g7/2) + 0.32
7 π[420]1/2+(α = 1/2)⊗ π2h11/2 ⊗ ν2(g7/2, d5/2) + 0.32
8 π[404]9/2+ π2h11/2 (0.36) + 0.32
9 π[404]9/2+ π2h11/2 (0.30) + 0.32
10 π[541]3/2− ⊗ ν2(h11/2g7/2) + 0.32
13
























































































































FIG. 7. (Color online) Spectra for Bands 6 and 7 of 119Cs obtained from triple coincidences by double-gating on selected
transitions. Peak energies for the newly identified transitions are written in red. Transitions from other nuclei (116Xe, 119Ba,
120Ba) are indicated with an asterisk, while those from other bands in 119Cs are indicated with a circle. The lists of gating
transitions for each spectrum are the following: for Band 6 164, 205, 209, 261, 311, 603, 1508, 1550 keV; for Bands 7 745, 854,
955, 1034, 1151, 1204, 1273, 1388, 1523, 1673 keV.
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FIG. 8. (Color online) Neutron occupation probabilities
of the orbitals involved in the π3[420]1/2[550]1/2[541]3/2 ⊗
ν2[411]3/2[413]5/2 configuration assigned to Band 7. The
occupation probability is obtained by adding the occupation
probabilities of the two signatures of a given orbital. It is 2
(0) if the orbital is fully occupied (empty), and is 1 if one
particle with a given signature is present.
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FIG. 9. (Color online) Single-particle Routhians located in the vicinity of the Fermi level of 119Cs as a function of rotational
frequency for: a) and b) axial prolate deformation of ε2 = 0.32; c) and d) axial oblate deformation of ε2 = −0.17. Positive
(negative) parity Routhians are shown by blue (red) lines. Solid (dotted) lines are used for signature α = +1/2 (α = −1/2).
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FIG. 10. (Color online) a) Moment of inertia J(1), b) pro-
jection of the angular momentum on the cranking axis Jx for
the α = −1/2 signature partner of Band 1 calculated using
the PNC-CSM model for the two deformations ε2 = 0.23 and
ε2 = 0.32.
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2
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FIG. 11. (Color online) a) Moment of inertia J(1), b) pro-
jection of the angular momentum on the cranking axis Jx for
Band 2 of 119Cs calculated using the PNC-CSM model. The
states with signature α = +1/2 and α = −1/2 are drawn with
filled and open symbols, respectively.
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FIG. 12. (Color online) The same as in Fig. 11, but for Band
4’.
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FIG. 13. (Color online) The same as in Fig. 11, but for Band
5’.
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FIG. 14. (Color online) The same as in Fig. 11, but for Band
6.
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Table with experimental information on the γ-ray tran-
sitions of 119Cs obtained in the present experiment.
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TABLE II. Experimental information including the γ-ray energies Eγ , energies of the initial levels Ei, relative intensities Iγ ,
anisotropies RDCO and/or Rac, parameter a2, parameter a4, polarization asymmetries AP extracted following the prescription
of Ref. [29], mixing ratios δ, multipolarities, and the spin-parity assignments of the initial and final states connected by the
given γ ray in 119Cs. The transitions listed with increasing energy are grouped in bands. The deduced values for RDCO with a
stretched quadrupole gate are ≈1 for stretched quadrupole and ≈0.46 for dipole transitions, while the ratio is close to 1 for a
dipole and 2.1 for a quadrupole transition when the gate is set on a dipole transition. The Rac values for stretched dipole and
quadrupole transitions are ≈0.8 and ≈1.4, respectively.
Eγ (keV)










469.4 1559.8 46(11) 1.0(3)e 0.03(1) E2 19/2− → 15/2−
609.9 2169.5 45(7) 0.9(2)e 0.15(8) E2 23/2− → 19/2−
686.3 2855.8 51(12) 0.9(3)e 0.2(1) E2 27/2− → 23/2−
765.6 3621.4 46(12) 1.2(3)e 0.03(2) E2 31/2− → 27/2−
843.8 4465.2 35(9) 1.1(2)e 0.07(6) E2 35/2− → 31/2−
915.2 5380.4 19(6) 1.0(2)e E2 39/2− → 35/2−
958.0 6338.4 14(5) 1.1(3)e E2 43/2− → 39/2−
964.3 5429.5 7(3) 0.7(5)e 0.9(3) (M1/E2) 37/2(−) → 35/2−
1004.7 6434.2 5(4) 1.5(5) (E2) (41/2−)→ 37/2(−)
1018.4 7356.8 12(5) 0.9(2)e E2 47/2− → 43/2−
1096.4 8453.2 9(4) 1.0(4)e E2 51/2− → 47/2−
1099.7 7533.9 4(3) (E2) (45/2−)→ 41/2(−)
1186.3 9639.5 5(2) 1.3(3) (E2) (55/2−)→ 51/2−
1191.0 8724.9 3(3) (E2) (49/2−)→ (45/2−)
Band γ → Band 1
682.0 2169.5 11(3) 1.3(6) (M1/E2) 23/2− → 23/2−
689.5 1559.8 15(5) (M1/E2) 19/2− → 19/2−
692.3 1089.9 11(5) (M1/E2) 15/2− → 15/2−
979.9 1089.9 35(25) 1.6(4) E2 15/2− → 11/2−
1163.4 1559.8 43(14) 1.5(5) E2 19/2− → 15/2−
1297.6 2169.5 9(2) 1.4(4) E2 23/2− → 19/2−
Band γ → Band 2
531.0 2169.5 15(3) 1.4(5) E2 23/2− → 19/2−
Band 1
286.7 396.9 1000 1.00(6)e 0.11(2) E2 15/2− → 11/2−
473.9 870.7 887(19) 1.00(9)e 0.12(4) E2 19/2− → 15/2−
542.6 939.5 33(10) (M1/E2) (17/2−)→ 15/2−
616.8 1487.5 623(25) 1.1(1)e 0.12(4) E2 23/2− → 19/2−
646.6 1586.1 18(7) (E2) (21/2−)→ (17/2−)
740.1 2326.2 13(6) (E2) (25/2−)→ (21/2−)
731.4 2218.9 425(30) 1.11(7)e 0.12(4) E2 27/2− → 23/2−
828.5 3047.4 290(15) 1.03(6)e 0.08(3) E2 31/2− → 27/2−
835.0 3161.2 11(6) (E2) (29/2−)→ (25/2−)
913.6 3961.0 106(8) 0.99(5)e 0.07(2) E2 35/2− → 31/2−
945.7 4106.9 10(6) (E2) (33/2−)→ (29/2−)
989.9 4950.9 44(4) 0.90(8)e 0.07(4) E2 39/2− → 35/2−
1055.2 6006.1 31(3) 1.0(2)e E2 43/2− → 39/2−
1124.5 7130.6 18(2) 1.0(4)e E2 47/2− → 43/2−
1194.7 8325.3 15(2) 1.0(4)e E2 51/2− → 47/2−
1266.5 9591.8 10(2) 1.0(4)e E2 55/2− → 51/2−
1333.7 10925.5 7(2) 1.5(3) E2 59/2− → 55/2−
1372.6 12298.1 4(1) 1.3(3) E2 63/2− → 59/2−
1401.0 13699.1 1(1) (E2) (67/2−)→ 63/2−
Band 1 → 7/2+ → Ground state
(23.1) 110.2 (M2) 11/2− → (7/2+)
87.1 87.1 (E2) (7/2+)→ 3/2+
Band 1 → Band 8
(24.5) 110.2 (E1) 11/2− → 9/2+
Band 2
310.0 2128.4 4(1) (M1/E2) 23/2− → 21/2−
373.4 1637.7 10(2) 1.1(4) (M1/E2) 19/2− → 17/2−
380.2 1637.7 19(4) 1.0(2)e 1.3(2) E2 19/2− → 15/2−










ac a2 a4 AP δ Mult. J
π
i → Jπf
553.7 1818.1 13(3) 0.9(2)e E2 21/2− → 17/2−
577.3 2705.7 112(9) 1.0(1)e 1.5(2) 0.13(3) E2 27/2− → 23/2−
630.9 3336.8 150(15) 1.2(2)e 0.10(3) E2 31/2− → 27/2−
678.5 2496.7 27(4) 1.2(2)e 0.2(1) E2 25/2− → 21/2−
707.4 4044.9 8(3) 0.8(3) M1/E2 33/2− → 31/2−
728.1 4064.9 149(46) 0.9(1)e 0.11(5) E2 35/2− → 31/2−
764.0 3260.8 56(20) 1.1(3)e 0.19(8) E2 29/2− → 25/2−
766.4 4831.7 20(11) 0.9(3) M1/E2 37/2− → 35/2−
784.2 4044.9 20(10) 1.0(4)e E2 33/2− → 29/2−
787.2 4831.7 19(10) 1.0(4)e E2 37/2− → 33/2−
820.3 5714.1 7(4) (M1/E2) 41/2− → 39/2−
828.8 4893.7 114(14) 1.2(3)e 0.17(9) E2 39/2− → 35/2−
877.2 6699.5 4(2) (M1/E2) 45/2− → 43/2−
882.4 5714.1 13(6) 0.9(2)e E2 41/2− → 37/2−
929.3 5823.0 84(10) 1.2(4)e 0.18(11) E2 43/2− → 39/2−
985.1 6699.5 11(4) 1.0(3)e E2 45/2− → 41/2−
1026.1 6849.1 69(10) 1.1(3)e 0.09(5) E2 47/2− → 43/2−
1079.5 7779.0 10(4) 0.9(3)e E2 49/2− → 45/2−
1124.8 7973.9 43(10) 0.9(3)e E2 51/2− → 47/2−
1164.4 8943.4 8(4) 1.0(5)e E2 53/2− → 49/2−
1223.9 9197.8 33(8) 0.9(3)e E2 55/2− → 51/2−
1245.2 10188.6 5(3) 1.4(3) (E2) (57/2−)→ 53/2−
1311.0 10508.8 22(6) 1.0(3)e E2 59/2− → 55/2−
1345.0 11533.6 2.1(9) 1.5(6) (E2) (61/2−)→ 57/2−
1371.0 13256.2 3(2) 1.4(4) (E2) (67/2−)→ 63/2−
1376.4 11885.2 18(5) 1.0(3)e E2 63/2− → 59/2−
1389.1 13274.3 11(4) 1.3(3) (E2) (67/2−)→ (63/2−)
1405.8 12939.4 2(2) 1.5(6) (E2) (65/2−)→ (61/2−)
1455.5 14729.8 4(2) 1.4(4) (E2) (71/2−)→ (67/2−)
1474.5 14729.8 3(2) 1.5(5) (E2) (71/2−)→ (67/2−)
1543.7 16273.5 3(2) 1.4(5) (E2) (75/2−)→ (71/2−)
1674.7 17948.2 2(1) 1.3(6) (E2) (79/2−)→ (75/2−)
1857.4 19805.6 <2 (E2) (83/2−)→ (79/2−)
Band 2 → Band γ
568.8 2128.4 53(7) 1.3(2) E2 23/2− → 19/2−
Band 2 → (15/2−)
267.5 1637.7 7(5) (E2) 19/2− → (15/2−)
Band 2 → Band 1
288.4 3336.8 6(3) (M1/E2) 31/2− → 31/2−
317.3 1257.8 4.2(10) (M1/E2) 15/2− → (17/2−)
393.4 1264.2 5(2) (M1/E2) 17/2− → 19/2−
486.6 2705.7 44(7) 1.4(2) M1/E2 27/2− → 27/2−
640.4 2128.4 35(5) 1.3(4) M1/E2 23/2− → 23/2−
766.7 1637.7 24(3) 1.4(4) M1/E2 19/2− → 19/2−
861.2 1257.8 15(1) 1.4(3) M1/E2 15/2− → 15/2−
867.8 1264.2 8(2) 0.8(3) M1/E2 17/2− → 15/2−
947.5 1818.1 47(10) 0.8(1) M1/E2 21/2− → 19/2−
998.5 4044.9 2(1) (M1/E2) 33/2− → 31/2−
1009.2 2496.7 39(13) 0.6(3) M1/E2 25/2− → 23/2−
1017.4 4064.9 20(8) 1.6(6) E2 35/2− → 31/2−
1042.0 3260.8 36(8) 0.7(5) M1/E2 29/2− → 27/2−
1118.5 3336.8 47(10) 1.6(4) E2 31/2− → 27/2−
1218.5 2705.7 55(10) 1.3(3) E2 27/2− → 23/2−
1241.2 1637.7 10(5) (E2) 19/2− → 15/2−
1258.0 2128.4 48(8) 1.3(5) (E2) 23/2− → 19/2−
(15/2−) → Band 1










ac a2 a4 AP δ Mult. J
π
i → Jπf
973.4 1370.1 5(2) (15/2−)→ 15/2−
Band 3
279.6 949.4 68(4) 0.52(8)e -0.09(3) M1/E2 (13/2−)→ (11/2−)
315.2 1264.6 51(5) 1.2(2)f -0.14(14) 0.08(27) -0.06(2) 0.10(15) M1/E2 (15/2−)→ (13/2−)
345.1 1609.8 40(5) 1.2(2)f -0.06(11) 0.08(21) -0.10(4) 0.10(10) M1/E2 (17/2−)→ (15/2−)
370.1 1980.0 28(4) 1.1(2)f 0.01(16) 0.06(30) 0.15(15) M1/E2 (19/2−)→ (17/2−)
389.9 2369.6 18(3) 1.0(2)f -0.09(14) 0.21(27) -0.06(4) 0.10(20) M1/E2 (21/2−)→ (19/2−)
403.6 2773.6 15(2) 1.1(2)f 0.05(3) 0.11(6) 0.20(15) M1/E2 (23/2−)→ (21/2−)
411.7 4011.9 8(2) 0.7(2) M1/E2 (29/2−)→ (27/2−)
412.5 3185.8 5(2) 0.9(2) M1/E2 (25/2−)→ (23/2−)
414.4 3600.8 5(3) 0.7(2) M1/E2 (27/2−)→ (25/2−)
416.2 4428.3 5(3) 0.8(2) M1/E2 (31/2−)→ (29/2−)
595.1 1264.6 7(2) 1.3(3) E2 (15/2−)→ (11/2−)
660.6 1609.8 20(4) 1.9(5)f 0.08(4) E2 (17/2−)→ (13/2−)
715.5 1980.0 24(4) 2.1(6)f 0.09(4) E2 (19/2−)→ (15/2−)
759.5 2369.6 23(4) 2.2(3)f 0.09(4) E2 (21/2−)→ (17/2−)
793.8 2773.6 25(4) 1.0(2)e 0.04(2) E2 (23/2−)→ (19/2−)
816.2 3185.8 30(5) 0.9(2)e 0.07(5) E2 (25/2−)→ (21/2−)
826.1 4011.9 22(15) 1.2(3)e E2 (29/2−)→ (25/2−)
827.2 3600.8 28(17) 1.4(3) E2 (27/2−)→ (23/2−)
827.5 4428.3 21(15) 1.4(3) E2 (31/2−)→ (27/2−)
843.4 4855.3 16(3) 1.0(3)e E2 (33/2−)→ (29/2−)
870.6 5298.9 16(4) 1.0(2)e E2 (35/2−)→ (31/2−)
908.7 5764.0 10(2) 0.9(2)e E2 (37/2−)→ (33/2−)
952.0 6250.9 13(4) 1.1(4)e E2 (39/2−)→ (35/2−)
997.1 6761.0 7(2) 0.9(3)e E2 (41/2−)→ (37/2−)
1042.1 7293.0 10(3) 1.1(5)e E2 (43/2−)→ (39/2−)
1088.2 7849.3 7(2) 1.1(4)e E2 (45/2−)→ (41/2−)
1132.2 8425.2 9(3) 1.4(4) E2 (47/2−)→ (43/2−)
1176.9 9026.2 6(2) 1.3(3) (E2) (49/2−)→ (45/2−)
1218.6 9643.8 4(2) 1.3(4) (E2) (51/2−)→ (47/2−)
1258.8 10285.0 4(2) 1.5(4) (E2) (53/2−)→ (49/2−)
1299.7 10943.5 3(1) 1.3(3) (E2) (55/2−)→ (51/2−)
1340.4 11625.4 2.0(8) 1.5(5) (E2) (57/2−)→ (53/2−)
1377.4 12320.9 1.9(9) 1.2(4) (E2) (59/2−)→ (55/2−)
1416.5 13041.9 1.1(6) 1.3(5) (E2) (61/2−)→ (57/2−)
1454.3 13775.2 1.6(9) 1.4(7) (E2) (63/2−)→ (59/2−)
1492.0 14533.9 <1 (E2) (65/2−)→ (61/2−)
1531.0 15306.2 <2 (E2) (67/2−)→ (63/2−)
1574.0 16107.9 <1 (E2) (69/2−)→ (65/2−)
Band 3→ Band populated by Band 3
(26.4) 669.8 (E1) 11/2− → 9/2+
294.2 669.8 2(1) (M2) 11/2− → 7/2+
Band populated by Band 3
138.6 138.6 4(2) 0.8(2)f 0.72(8) M1/E2 5/2+ → 3/2+
237.0 375.6 5(1) 0.5(1)e 0.69(7) M1/E2 7/2+ → 5/2+
267.8 643.3 4(2) 0.9(2)f 1.0(2) M1/E2 9/2+ → 7/2+
Band 4
331.8 475.9 19(5) 1.0(1)e E2 9/2+ → 5/2+
475.2 951.1 26(10) 1.1(1)e E2 13/2+ → 9/2+
541.0 1492.5 28(5) 0.9(2)e E2 17/2+ → 13/2+
562.3 2054.8 31(5) 1.0(1)e 0.11(4) E2 21/2+ → 17/2+
585.3 2640.1 36(6) 1.1(2)e 0.2(2) E2 25/2+ → 21/2+
636.3 3276.4 55(10) 1.0(1)e 0.04(2) E2 29/2+ → 25/2+
724.8 4001.2 47(9) 1.0(2)e 0.03(2) E2 33/2+ → 29/2+
826.1 4827.3 43(9) 0.9(2)e 0.2(1) E2 37/2+ → 33/2+
896.2 5723.5 31(7) 0.9(2)e E2 41/2+ → 37/2+
979.0 6702.5 18(5) 1.1(2)e E2 45/2+ → 41/2+










ac a2 a4 AP δ Mult. J
π
i → Jπf
1145.8 8912.8 15(4) 0.9(4)e (E2) (53/2+)→ 49/2+
1257.5 10170.3 10(4) 1.0(4)e (E2) (57/2+)→ (53/2+)
Band 4 → Band 1
952.8 4001.2 4(2) (E1) 33/2+ → 31/2−
1058.1 3276.4 28(5) 0.5(2)e -0.21(22) 0.25(47) 0.09(7) 0.00(25) E1 29/2+ → 27/2−
1095.6 1492.5 8.2(30) 0.6(1)e -0.17(35) 0.19(67) 0.1(1) 0.05(25) (E1) 17/2+ → 15/2−
1152.5 2640.1 30(5) 0.5(1)e -0.53(11) 0.16(22) 0.09(6) -0.15(25) E1 25/2+ → 23/2−
1184.2 2054.8 22(3) 0.6(2)e -0.28(20) 0.09(38) 0.1(1) 0.00(10) (E1) 21/2+ → 19/2−
Band 4 → Band 5
267.2 475.9 7(2) 1.4(4) E2 9/2+ → 5/2+
328.0 951.1 3(2) (E2) 13/2+ → 9/2+
Band 4′
1194.1 12545.8 5(3) 1.2(5) (E2) (65/2+)→ (61/2+)
1308.2 13854.0 3(2) 1.3(5) (E2) (69/2+)→ (65/2+)
1369.4 15223.4 3(2) 1.3(4) (E2) (73/2+)→ (69/2+)
1487.1 16710.5 2(1) 1.7(5) (E2) (77/2+)→ (73/2+)
1623.4 18333.9 <1 (E2) (81/2+)→ (77/2+)
1768.3 20102.2 <1 (E2) (85/2+)→ (81/2+)
Band 4′ → Band 4
1181.4 11351.7 9(4) 1.2(6) (E2) (61/2+)→ (57/2+)
Band 5
414.1 622.8 102(20) 0.9(1)e 0.08(2) E2 9/2+ → 5/2+
548.6 1171.4 88(30) 1.2(1)e 0.003(2) E2 13/2+ → 9/2+
594.0 1765.4 77(16) 1.0(2)e 0.06(4) E2 17/2+ → 13/2+
539.7 2305.1 65(9) 1.0(2)e 0.05(3) E2 21/2+ → 17/2+
590.1 2895.2 61(12) 1.00(8)e 0.00(1) E2 25/2+ → 21/2+
684.3 3579.5 40(7) 1.06(9)e E2 29/2+ → 25/2+
775.2 4354.7 29(4) 1.2(2)e E2 33/2+ → 29/2+
824.4 4403.9 3(2) 1.2(4) (E2) (33/2+)→ 29/2+
864.1 5218.8 20(5) 1.0(2)e E2 37/2+ → 33/2+
949.7 6168.5 14(4) 1.1(3)e E2 41/2+ → 37/2+
1032.3 7200.8 10(3) 1.0(3)e E2 45/2+ → 41/2+
1121.9 8322.7 5(2) 1.5(4) (E2) (49/2+)→ 45/2+
1202.5 9525.2 5(2) 1.3(3) (E2) (53/2+)→ (49/2+)
1287.3 10812.5 3(1) 1.4(6) (E2) (57/2+)→ (53/2+)
1367.3 12179.8 2(1) 1.4(7) (E2) (61/2+)→ (57/2+)
1443.3 13623.1 0.8(5) (E2) (65/2+)→ (61/2+)
1508.0 15131.1 0.8(5) (E2) (69/2+)→ (65/2+)
Band 5 → Ground state
208.7 208.7 96(18) 0.80(9) -0.29(4) 0.24(7) -0.001(1) 0.10(20) M1/E2 5/2+ → 3/2+
Band 4 and Band 5 → 3/2+ or 1/2+ → Ground state
(32.2) 144.1 (E2) 5/2+ → (1/2+)
40.6 144.1 1.2(6) (M1/E2) 5/2+ → (3/2+)
96.2 208.7 0.7(3) (E2) 5/2+ → (1/2+)
102.8 102.8 12(6) 0.5(2)e 0.7(2) M1/E2 (3/2+)→ 3/2+
105.1 208.7 7(3) - (M1/E2) 5/2+ → (3/2+)
111.9 111.9 6(3) 0.8(2) M1/E2 (1/2+)→ 3/2+
Band 5 → Band 4
63.9 208.7 1(1) (M1/E2) 5/2+ → 5/2+
Band 5′
598.0 2408.4 5(3) (E2) (a21/2+)→ 17/2+
678.6 3087.1 9(2) 1.1(4)e 1.3(3) E2 (25/2+)→ (21/2+)
743.0 3830.1 6(2) 1.5(5) (E2) (29/2+)→ (25/2+)
766.9 4597.0 6(3) 1.4(5) (E2) (33/2+)→ (29/2+)
810.5 5407.5 3(1) 1.5(4) (E2) (37/2+)→ (33/2+)
906.3 6313.8 2(1) 1.5(7) (E2) (41/2+)→ (37/2+)
982.2 7296.0 2(1) 1.5(7) (E2) (45/2+)→ (41/2+)
Band 5′ → Band 5
638.9 1810.3 5(3) 1.4(7) (E2) (17/2+)→ 13/2+














205.3 2583.9 11(5) 0.8(2) -0.78(24) 0.14(44) -0.13(13) -0.35(25) M1/E2 (23/2+)→ (21/2+)
207.5 3261.7 10(6) 0.7(2) M1/E2 (29/2+)→ (27/2+)
208.9 2792.9 11(6) 0.8(2) M1/E2 (25/2+) → (23/2+)
238.9 3500.6 6(5) 0.8(1) M1/E2 (31/2+)→ (29/2+)
261.3 3054.2 11(5) 0.8(1) M1/E2 (27/2+)→ (25/2+)
311.2 3811.8 8(2) 0.8(2) M1/E2 (33/2+)→ (31/2+)
415.0 2792.9 9(4) 1.4(4) E2 (25/2+)→ (21/2+)
Band 6 → (21/2+)
164.3 2583.9 7(3) 0.8(1) M1/E2 (23/2+)→ (21/2+)
(21/2+) → Band 1 and Band 4
926.0 2420.2 3(2) (E2) (21/2+)→ 17/2+
1549.5 2420.2 14(5) 0.9(2) 0.02(2) E1 (21/2+)→ 19/2−
Band 6 → Band 1
1508.0 2378.2 23(5) 0.8(2) 0.10(9) (E1) (21/2+)→ 19/2−
Band 6 → Band 4
738.1 2792.9 10(5) 1.3(2) 0.13(12) E2 (25/2+)→ 21/2+
886.5 2378.2 7(4) 1.4(4) E2 (21/2+)→ 17/2+
926.0 2420.2 3(2) (E2) (21/2+)→ 17/2+
Band 6 → Band 8
412.0 3811.8 25(6) 1.6(3) E2 (33/2+)→ 29/2+
472.9 3500.6 14(10) 1.3(3) 0.06(6) E2 (31/2+)→ 27/2+
Band 7
744.8 4848.9 60(15) 1.1(1)e 0.05(2) E2 (37/2+)→ (33/2+)
854.0 5702.8 59(12) 0.92(9)e E2 (41/2+)→ (37/2+)
954.8 6657.6 47(10) 0.91(7)e 0.13(7) E2 (45/2+)→ (41/2+)
1033.5 7691.1 28(6) 1.1(1)e 0.12(11) E2 (49/2+)→ (45/2+)
1078.9 8770.0 21(5) 0.9(1)e E2 (53/2+)→ (49/2+)
1150.6 9920.6 14(4) 0.9(2)e E2 (57/2+)→ (53/2+)
1203.7 11124.3 11(4) 1.0(2)e E2 (61/2+)→ (57/2+)
1272.6 12396.9 9(4) 0.9(4)e E2 (65/2+)→ (61/2+)
1388.4 13785.3 7(4) 1.0(3)e E2 (69/2+)→ (65/2+)
1522.5 15307.8 1.4(9) 1.3(3) E2 (73/2+)→ (69/2+)
1672.7 16980.5 <1 (E2) ((77/2+)→ (73/2+)
1805.4 18785.9 <1 (E2) (81/2+)→ (77/2+)
Band 7 → Band 6
292.0 4104.0 19(5) 1.3(1) -0.07(6) (M1/E2) (33/2+)→ (33/2+)
603.3 4104.0 23(6) 0.5(2)e M1/E2 (33/2+)→ (31/2+)
Band 7 → Band 8
704.4 4104.0 19(4) 1.1(3)e (E2) (33/2+)→ 29/2+
Band 8
238.6 324.3 636(21) 1.02(5)f -0.33(13) 0.18(25) -0.04(1) -0.05(30) M1/E2 11/2+ → 9/2+
268.6 592.9 530(12) 1.04(5)f -0.32(14) 0.16(27) -0.04(1) -0.05(25) M1/E2 13/2+ → 11/2+
296.5 889.5 326(10) 1.06(5)f -0.28(13) 0.19(25) -0.02(1) 0.00(20) M1/E2 15/2+ → 13/2+
320.8 1210.4 230(8) 1.04(5)f -0.26(14) 0.13(27) -0.08(2) 0.10(25) M1/E2 17/2+ → 15/2+
341.9 1552.7 163(9) 1.06(6)f -0.28(14) 0.08(26) -0.07(2) 0.00(10) M1/E2 19/2+ → 17/2+
357.7 1910.5 113(8) 1.04(7)f -0.20(17) 0.10(32) -0.04(2) -0.05(20) M1/E2 21/2+ → 19/2+
369.4 2279.6 75(13) 0.78(9) -0.33(18) 0.09(35) -0.03(3) -0.05(20) M1/E2 23/2+ → 21/2+
371.9 3399.8 34(7) 0.81(9) -0.04(3) M1/E2 29/2+ → 27/2+
373.7 2653.4 52(10) 0.90(8) -0.01(1) M1/E2 25/2+ → 23/2+
375.0 3027.9 47(10) 0.88(8) M1/E2 27/2+ → 25/2+
391.6 4187.4 25(3) 0.9(2)f M1/E2 33/2+ → 31/2+
396.3 3796.1 22(5) 1.1(2)f M1/E2 31/2+ → 29/2+
417.2 4604.8 15(5) 0.7(2) M1/E2 35/2+ → 33/2+
507.4 592.9 109(5) 1.0(2)e 0.11(3) E2 13/2+ → 9/2+
565.2 889.5 150(7) 1.0(2)e 0.09(3) E2 15/2+ → 11/2+
617.8 1210.4 89(3) 0.8(2)e 0.13(4) E2 17/2+ → 13/2+
663.2 1552.7 126(3) 1.2(2)e 0.12(4) E2 19/2+ → 15/2+
700.3 1910.5 104(6) 1.0(2)e 0.14(5) E2 21/2+ → 17/2+
726.9 2279.6 72(9) 1.0(2)e 0.11(4) E2 23/2+ → 19/2+
743.0 2653.4 86(16) 1.0(2)e 0.15(7) E2 25/2+ → 21/2+
746.3 3399.8 83(16) 1.2(4)e 0.12(6) E2 29/2+ → 25/2+
748.3 3027.9 36(8) 0.8(3)e 0.09(7) E2 27/2+ → 23/2+










ac a2 a4 AP δ Mult. J
π
i → Jπf
787.5 4187.4 48(8) 0.9(2)e E2 33/2+ → 29/2+
808.8 4604.8 23(4) 1.2(2) E2 35/2+ → 31/2+
830.0 5017.4 23(4) 1.4(2) E2 37/2+ → 33/2+
906.6 5511.4 30(6) 1.2(2) E2 39/2+ → 35/2+
921.8 5939.2 14(3) 1.2(2) E2 41/2+ → 37/2+
997.3 6508.7 17(4) 1.3(3) E2 43/2+ → 39/2+
1046.1 6985.3 8(2) 1.3(3) E2 45/2+ → 41/2+
1088.2 7596.9 15(6) 1.4(3) E2 47/2+ → 43/2+
1136.7 8122.0 5(2) 1.4(3) E2 49/2+ → 45/2+
1173.4 8770.3 11(3) 1.4(3) E2 51/2+ → 47/2+
1244.2 9366.2 1.8(8) 1.5(5) (E2) (53/2+)→ 49/2+
1286.3 10056.6 7(2) 1.3(5) (E2) (55/2+)→ 51/2+
1367.0 10733.2 1.9(8) 1.6(5) (E2) (57/2+)→ (53/2+)
1388.0 11444.6 5(2) 1.8(9) (E2) (59/2+)→ (55/2+)
1488.2 12221.4 0.6(3) (E2) (61/2+)→ (57/2+)
1508.7 12953.3 3(2) 1.7(9) (E2) (63/2+)→ (59/2+)
Band 9
292.2 1436.3 9(2) 0.8(2) -0.27(6) -0.01(5). -0.05(5) 0.40(10) M1/E2 15/2+ → 13/2+
302.6 1738.8 11(2) 1.0(2)f -0.22(5) 0.01(9) -0.03(3) 0.00(10) M1/E2 17/2+ → 15/2+
314.0 2053.5 11(2) 1.0(1)f -0.27(3) -0.10(6) -0.05(3) 0.00(20) M1/E2 19/2+ → 17/2+
327.0 2380.0 7(2) 1.1(3)f -0.23(6). -0.09(12) -0.05(4) 0.00(10) M1/E2 21/2+ → 19/2+
340.9 2720.3 5(2) (M1/E2) (23/2+)→ 21/2+
341.5 3406.2 3(1) (M1/E2) (27/2+)→ (25/2+)
344.4 3065.0 5(2) (M1/E2) (25/2+)→ (23/2+)
344.8 3751.6 1.3(8) (M1/E2) (29/2+)→ (27/2+)
359.1 4109.8 <1 (M1/E2) (31/2+)→ (29/2+)
376.3 4486.0 <1 (M1/E2) (33/2+)→ (31/2+)
393.5 4880.3 <1 (M1/E2) (35/2+)→ (33/2+)
421.1 5301.1 <1 (M1/E2) (37/2+)→ (35/2+)
439.1 5740.7 <1 (M1/E2) (39/2+)→ (37/2+)
616.3 2052.5 8(3) 1.4(5) (E2) 19/2+ → 15/2+
641.6 2380.0 6(2) 1.3(6) (E2) 21/2+ → 17/2+
667.1 2720.3 6(2) 1.4(5) (E2) (23/2+)→ 19/2+
685.3 3065.0 4(2) 1.5(9) (E2) (25/2+)→ 21/2+
685.6 3406.2 6(3) 1.5(9) (E2) (27/2+)→ (23/2+)
687.2 3751.6 3(2) 1.5(9) (E2) (29/2+)→ (25/2+)
702.7 4109.8 <6 (E2) (31/2+)→ (27/2+)
734.2 4486.0 <3 (E2) (33/2+)→ (29/2+)
771.3 4880.3 <6 (E2) (35/2+)→ (31/2+)
814.8 5301.1 <3 (E2) (37/2+)→ (33/2+)
860.4 5740.7 <6 (E2) (39/2+)→ (35/2+)
Band 9 → Band 8
819.5 1144.2 4(2) (M1/E2) 13/2+ → 11/2+
826.8 2380.0 4(2) (M1/E2) 21/2+ → 19/2+
841.5 2052.5 5(3) 0.7(5) M1/E2 19/2+ → 17/2+
843.5 1436.3 11(2) 0.9(2) M1/E2 15/2+ → 13/2+
849.1 1738.8 10(3) 1.0(5) (M1/E2) 17/2+ → 15/2+
1058.9 1144.2 5(2) (E2) 13/2+ → 9/2+
1111.9 1436.3 7(4) (E2) 15/2+ → 11/2+
Band 10
174.4 1856.0 9(2) 0.9(4)f 0.7(2) -0.02(1) M1/E2 19/2+ → 17/2+
207.1 2063.0 9(2) 1.0(3)f -0.12(3) 0.02(4) -0.01(1) 0.10(10) M1/E2 21/2+ → 19/2+
238.9 2302.2 12(4) 0.8(3) -0.08(5) M1/E2 23/2+ → 21/2+
268.0 1681.3 <11 1.0(4) (M1/E2) 17/2+ → 15/2+
299.8 2602.0 10(2) 0.9(3)f -0.53(52) -0.24(96) -0.05(4) -0.15(40) M1/E2 25/2+ → 23/2+
332.7 2934.9 5.3(8) 1.0(3)f -0.23(8) -0.09(16) -0.10(5) 0.00(10) M1/E2 27/2+ → 25/2+
359.9 3294.9 3.3(8) 1.0(2)f -0.16(14) M1/E2 29/2+ → 27/2+
382.3 2063.0 1.9(7) (E2) 21/2+ → 17/2+
394.3 3690.1 3.3(9) (M1/E2) 31/2+ → 29/2+










ac a2 a4 AP δ Mult. J
π
i → Jπf
446.8 2302.2 6.4(6) 1.0(2)e 1.4(4) E2 23/2+ → 19/2+
449.0 4560.8 1.9(9) (M1/E2) 35/2+ → 33/2+
632.8 2934.9 5.6(8) 0.9(2)e 1.3(4) E2 27/2+ → 23/2+
693.0 3294.9 3.0(6) 1.2(4) (E2) 29/2+ → 25/2+
755.2 3690.1 10(2) 1.1(3)e E2 31/2+ → 27/2+
816.2 4111.1 2.3(7) (E2) 33/2+ → 29/2+
870.7 4560.8 7(3) 1.4(5) (E2) (35/2+)→ 31/2+
925.2 5036.3 5(2) 1.4(4) (E2) (37/2+)→ 33/2+
975.5 5536.3 6(2) 1.3(4) (E2) (39/2+)→ (35/2+)
1012.0 6048.3 3(2) (E2) (41/2+)→ (37/2+)
1047.0 6583.3 4(2) (E2) (43/2+)→ (39/2+)
Band 10 → Band 8
511.0 2063.0 1.3(8) (M1/E2) 21/2+ → 19/2+
646.2 1856.0 2.3(8) (M1/E2) 19/2+ → 17/2+
750.0 2302.2 <1 E2 23/2+ → 19/2+
791.6 1681.3 2.9(6) (M1/E2) 17/2+ → 15/2+
852.7 2063.0 7.7(9) (E2) 21/2+ → 17/2+
966.6 1856.0 24(3) 1.9(7)f 1.3(3) 0.05(3) (E2) 19/2+ → 15/2+
1088.4 1413.6 <15 (E2) 15/2+ → 11/2+
1088.4 1681.3 12(5) 1.4(3) E2 17/2+ → 13/2+
aThe error on the transition energies is 0.3 keV for transitions below 500 keV, 0.7 keV for transitions between 500 and 1000
keV, and 1.0 keV for transitions above 1000 keV. The error on the transition energies is 1.0 keV for transitions with intensity
less than 5.
bRelative intensities corrected for efficiency, normalized to the intensity of the 286.7 keV (15/2− → 11/2− of Band 1)
transition [7]. The transition intensities were obtained from a combination of those measured for the total projection and
gated spectra.
cRDCO has been deduced from an asymmetric γ − γ coincidence matrix sorted with the detectors at 157.6◦ on one axis, and
detectors at ≈ 90◦ on the other axis. The tentative spin-parity of the states are given in parentheses.
dRac has been deduced from two asymmetric γ − γ coincidence matrices sorted, respectively, with the detectors at 133.6◦ and
157.6◦ on one axis, and detectors at 75.5◦ and 104.5◦ on the other axis. The tentative spin-parity of the states are given in
parentheses.
e DCO ratio from spectrum gated on stretched quadrupole transition.
f DCO ratio from spectrum gated on stretched dipole transition.
